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Abstract 

In this article, initial steps were taken in the study of processing mixtures of a polymer and a preceramic polymer to 
produce a hybrid material that contains a region of gradual transformation from a polymer to a ceramic. It is thought to be 
a first step toward the eventual development of a hybrid that is graded from a polymer matrix composite to a ceramic 
matrix composite. Thermal analysis, elemental analysis, and morphology characterization of blends of RD-730 preceramic 
polymer, which converts to silicon carbide upon pyrolyzation, and Matrimid A/B polymer which is a bismaleimide were 
carried out as a function of cure cycles. The cure cycles were chosen to vary the resin viscosity at specific times during 
processing in order to affect the amount of phase separation of the two resins. These results were then used to make 
conclusions on how processing parameters affected the miscibility of the two resins and the likelihood of producing a 
hybrid having mechanical and thermal properties that fall between those of the two constituents. High RD-730 loadings 
were achieved without phase inversion, the glass transition temperature (T g ) of the blended material was shown to be 
significantly influenced by a post-cure, and a spatial gradient in RD-730 concentration was noted. 


Keywords 
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Introduction 

Hybrid structures consisting of multiple material constitu¬ 
ents with internal transitions between materials, which are 
a compact ‘morphing’ of one constituent to another (as 
opposed to an abrupt interface), have been studied for use 
in various applications, 1 such as high-temperature combus¬ 
tors and ceramic structures with tougher faces. 2,3 Conceiva¬ 
bly, this concept could be expanded to hybrids with a 
polymer matrix composite (PMC) constituent. A PMC could 
be given added functionality if it were possible to embed 
within it small regions made of ceramic or ceramic matrix 
composite (CMC). These embedded regions could be for 
wear resistance, chemical resistance, hard points for connec¬ 
tors, or added temperature capability in a component subject 
to a temperature gradient. In other cases, these embedded 
regions may simply need to be somewhat ‘ceramic-like’ in 
terms of stiffness and coefficient of thermal expansion 
(CTE) to enable an efficient transition with less severe stress 
concentrations to a neighboring ceramic structure. 4 Figure 1 


shows two examples of applications that could benefit from 
these PMC-to-ceramic graded regions. 

Figure 1(a) shows a simplified schematic representation 
of a notional panel for an integrated thermal protection sys¬ 
tem. Conceptually, the panel experiences a large tempera¬ 
ture gradient in flight with a higher temperature on the 
CMC layer facing the exterior of the vehicle and a lower 
temperature on the PMC layer facing the interior of the 
vehicle. This type of multilayer panel has been discussed 
in a general sense for future designs of atmospheric reentry 
vehicles and hypersonic transports. The design may require 
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Figure I . Hybrid material applications: (a) thermal protection and (b) valve opening into fluid stream. 


the PMC and the CMC to be rigidly connected together in 
order that all layers share the mechanical loads. 5,6 In that 
event, the transition region between the two must be suffi¬ 
ciently robust that it can sustain the stresses caused by the 
difference in mismatch in CTE between the PMC and CMC 
and it must bear the stresses caused by the temperature gra¬ 
dient through the panel thickness. Grading the transition 
region may reduce the stresses at the interfaces between the 
layers (and in this case, the graded region would also need 
to be designed for low-thermal diffusivity). Figure 1(b) 
shows a second notional application for this type of mate¬ 
rial. The figure represents a PMC door or valve surface that 
opens by moving into an air stream. The door is primarily 
made of PMC to take advantage of its specific strength and 
stiffness. However, the higher velocity of the fluid flow 
around the leading edge of the opened door causes higher 
temperatures near the leading edge, and abrasive particles 
in the fluid stream cause damage in the same leading edge 
area. A small embedded region of ceramic or CMC may be 
the best solution for the leading edge area. Ideally, it would 
grade from one material to the next to reduce local stress 
concentrations 6,7 and the reinforcing fibers of the PMC 
would be continuous through the transition region for 
greater ‘joint’ strength. The work on the polymer/ceramic 
blends in this article was conducted to address some of the 
issues involved in processing a matrix that might be used in 
the graded regions for examples such as these. 

Past work on nongraded approaches to polymer/ceramic 
hybrids included the addition of cured silicone preceramic 
materials, silicone copolymers, organic nano-layered sili¬ 
cates, and polyhedral oligomeric silsesquioxane to organic 
thermosetting resins. These additions were made to 
increase the operating temperatures, improve the thermo- 
oxidative stability, enhance the atomic oxygen resistance, 
and provide a barrier for diffusion of gas and liquid through 
a polymer. However, adding fillers frequently has limita¬ 
tions on the maximum loading that is possible. In a concept 
closer to the notion of a hybrid, a material was fabricated 
that comprised a layer of silicone matrix PMC co-cured 
in contact with a layer of traditional PMC and then 
post-cured in service. This early hybrid approach was 
successfully applied to a missile nosecone. 8,9 The outer 


non-PMC layer is converted to silica in situ upon exposure 
to high temperatures and oxygen in service. 10,11 A gradient 
in properties through the thickness of the silica layer was 
the likely result, but the gradient between the two materials 
both in terms of chemistry and properties was not achieved 
in a controlled fashion, and this approach was only viable 
for a single-use application. 

Techniques for combining a polymer and a ceramic are 
limited in number. If a ceramic powder is mixed with an 
uncured polymer, the cured material will simply be poly¬ 
mer with ceramic inclusions. 12 In such case, the CTE of the 
mixture may be between the CTE of the polymer and the 
ceramic powder. On the other hand, with the exception of 
molecular level approaches such as combining functiona¬ 
lized nanoparticles with the polymer, it is unlikely that the 
mixture would have a temperature capability greater than 
the polymer matrix. If instead of using a ceramic powder, 
a preceramic polymer is used, then both the polymer and 
preceramic are in an uncured, liquid form during mixing. 
In that case, it may be possible to control the processing 
conditions such that the preceramic polymer remains mis¬ 
cible or partially miscible in the polymer until mobility is 
sufficiently reduced to prevent significant phase separation. 
It is hypothesized that with this approach, there is the 
potential for a new material to be formed with a glass tran¬ 
sition temperature ( T g ) between the T g of the polymer and 
the T g of the preceramic polymer. This was the approach 
taken in the current work. 

Experimental 

Materials 

Two materials had to be chosen for the polymer/preceramic 
polymer blends and ideally they would be representative of 
resins that would be used in the real applications similar to 
those shown in Figure 1. The polymer was chosen first 
based on three general characteristics: (1) processing para¬ 
meters that would be as compatible as possible with the 
preceramic polymer, (2) a relatively high-service tempera¬ 
ture, and (3) potential chemical suitability with the precera¬ 
mic polymer. Then a bismaleimide (BMI) was chosen. 
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RD-730 


C-C double bond expected 
to react with Matrimid 



Matrimid part A 




Figure 2. Chemical structures of RD-730 and Matrimid. 



TIME 

Figure 3. Typical time-temperature-transformation diagram 
(schematic) for a toughened thermosetting resin. 


High-temperature BMIs now used in some PMCs are near 
the limits (for polymers) of T g , thermo-oxidative stability, 
and processability using standard composite processing 
techniques. While their range of service temperatures is a 
long way from the processing temperatures required to con¬ 
vert preceramics to a ceramic, their flow and B-staging 
characteristics match well with a few preceramic materials 
making it possible to fabricate them together. Furthermore, 
for future work in which a dense fabric of reinforcement 
fibers is incorporated in the hybrid, composite-like process¬ 
ing of the silicon carbide (SiC) preceramic material used in 
this work was believed to be achievable in the range of 
200°C-400°C, which was also a good range for BMIs. 
A final reason for choosing a BMI was that at around 
150°C, it was expected that a silicon-based preceramic may 
potentially be reactive with the carbon-carbon double bond 
of the imide in the BMI. The BMI formulation chosen was 
Matrimid 5292 A/B purchased from Huntsman (Freeport, 
TX, USA). This two-part system comprised 4,4'- 
bismaleimido-diphenyl methane (component A) and o,o'- 
diallyl bisphenol A (DABA, component B). All chemicals 
were used as received. The chemical structures of RD-730 
and Matrimid are shown in Figure 2. 

Next the preceramic polymer was chosen. Preceramic 
polymers are organic-inorganic polymers whose backbone 
often contains Si atoms. 13,14 They are transformed into a vari¬ 
ety of ceramic materials through the elimination of organic 
moieties by breaking C-H bonds and by releasing H 2 , CH 4 , 
and other volatile compounds. This is accomplished either 
by heat (pyrolysis) or by a nonthermal process such as ion 
irradiation. Upon heating, they can be converted to silicon 
dioxide, silicon oxycarbide (SiOC), SiC, silicon carbon 
nitride, and many other chemical forms depending on their 
composition in the polymeric state and the processing 


conditions used. 15,16 The choice of ambient conditions 
(e.g. inert or oxidizing atmosphere) and maximum heating 
temperature are the key processing variables. 17,18 

Allylhydridophenylpolycarbosilane - with trade name 
Starfire RD-730 from Starfire Systems (Schenectady, 
NY, USA) - was chosen for the preceramic polymer. It is 
a hot-melt material that is a precursor of thermally stable 
SiC. It is an inorganic resin that potentially has the tem¬ 
perature capability of a ceramic and the processing ease 
of organic polymers 19-21 during casting or infusion in a 
reinforcing fiber network. It is curable to an intermediate 
at 150°C and, as stated, was also thought to be potentially 
reactive with the carbon-carbon double bond of the imide 
in a BMI. Therefore, it was a good candidate for studying 
the methodology of combining a polymer with a ceramic. 
Furthermore, in a previous article on preceramics for use 
in hybrids 22 , several aspects of the processing and charac¬ 
terization of RD-730 resin and a carbon fiber/RD-730 com¬ 
posite were demonstrated. In that article, it was shown that 
RD-730 could be processed with resin film infusion and 
autoclave cured at 800°C to produce a CMC (matrix likely 
a SiOC or other non-SiC intermediate). Composite panels 
of RD-730 with eight plies of T650-35 carbon fabric were 
fabricated and characterized for void and microcrack con¬ 
tent to develop and improve upon a representative cure 
cycle. The processing successes that were established on 
RD-730 in that article gave credence to the possibility of 
using it in future PMC/CMC hybrids and were built upon 
in this article. 

Cure cycle considerations 

A detailed time-temperature-transformation (TTT) dia¬ 
gram of a resin is an important tool in the development 
of an optimal cure cycle in order to obtain a desired 
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morphology and set of properties. 23 Figure 3 shows a gen¬ 
eric TTT diagram for toughened thermosetting resins. 21 
Four processing paths have been sketched on it as examples 
of cure cycles that eventually reach the same maximum 
temperature, but that can produce significantly different 
results. Path A cuts diagonally across the TTT diagram 
from a low temperature to a high temperature, allowing the 
phase separation to occur at relatively high temperatures. 
This has a tendency to yield a heterogeneous morphology 
since the resin can have a very low viscosity at the higher 
temperatures allowing ease of movement of disparate 
phases. Path B is a long shallow ramp that avoids the phase 
separation region entirely. The disadvantage of path B is 
that the temperatures along the slow ramp may be too low 
to activate a desired reaction (e.g. with another resin as is 
desired for our blended hybrid). Paths C and D are process¬ 
ing approaches that represent a compromise between the 
extremes of paths A and B. They balance the magnitude 
of the temperature during phase separation against the time 
spent at that temperature. The intent is to minimize the 
phase separation while maximizing the activation energy. 

Unfortunately, a full TTT diagram was not available for 
RD-730 or Matrimid A/B to assist in developing cure 
cycles that could be tried to determine the optimum time 
for the RD-730 and Matrimid A/B to react while limiting 
the time that RD-730 had enough mobility to phase separa¬ 
tion. Consequently, in this article, a best estimate on the 
basis of the work of Brown et al. 22 was used to choose the 
parameters of two cure cycles that would represent 
extremes similar to paths A and D in Figure 3 that would 
work with RD-730. The objective was to study the effects 
of those cure cycles on the resulting morphology, thermal 
properties, and rheology of the blends. 

Preparation of hot-melt blends 

Two types of samples were prepared. The first group was 
mixed and then frozen for use as stock in the differential 
scanning calorimetry (DSC), thermogravimetric analysis 
(TGA), and dynamic mechanical analysis (DMA) sam¬ 
ples. This group of samples will be referred to as the 
‘uncured samples’ because at the beginning of each test, 


they had not had heat applied to them beyond the heat 
needed to mix them. The second group of samples was 
mixed in the same way as the uncured samples, but the 
samples were subsequently subjected to one of two cure 
cycles each capable of curing the BMI in the blend 
(assuming the BMI remained a separate phase in the mix¬ 
ture). Therefore, the second group of samples will be 
referred to as the ‘cured’ samples. Some of the cured sam¬ 
ples were used for the additional thermal stability studies 
in which post-cures were later applied. The rest of the 
cured samples were cut and mounted as scanning electron 
microscopic (SEM) samples. 

The preparation of uncured samples was relatively 
straightforward. For the RD-730 samples, the frozen 
RD-730 resin was weighed and placed in a preheated sili¬ 
cone mold, where it melted and took the form of the mold. 
For the Matrimid A/B samples, liquid DAB A (component 
B of the Matrimid BMI) was weighed and placed in a bea¬ 
ker with a silicone oil bath at 150°C for 10 min while 
slowly adding the component A of the Matrimid A/B pow¬ 
der. To prepare the blended samples (also uncured), a sim¬ 
ilar procedure was followed except the desired amount of 
RD-730 was heated in a beaker before components B and 
A of Matrimid A/B were added. Samples were removed 
from the bath, cast in preheated (150°C) silicone molds 
in the shape of bars sized for DMA testing, and then 
quenched in a freezer to stop the reaction. The maximum 
ratio of RD-730 to Matrimid A/B that was possible to fab¬ 
ricate in blend form with this process was 40/60. At higher 
RD-730/Matrimid ratios, the mixture of RD-730 and 
Matrimid component B became too viscous before all the 
Matrimid component A powder could be added to the 
mixture. After mixing, all molds were covered with a sili¬ 
cone rubber plate to help eliminate the bubbles from the 
blends. 

The cured samples were prepared with the same steps as 
the uncured samples but without quenching. After applica¬ 
tion of the silicone rubber plate, they were vacuum-bagged 
and cured (Figure 4). The cured samples were separated 
into two groups and each group was cured with a different 
cure cycle - either a long dwell cure cycle or a fast ramp 
cure cycle. The long dwell cure cycle consisted of: 
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Table I. RD-730/Matrimid A/B blend compositions. 




Matrimid A/B 


RD-730 

Component B 

Component A 

Blend ratio 

(g) 

(g) 

(g) 

RD-730 

20 

0 

0 

40/60 RD-730/ 

8 

5.2 

6.8 

Matrimid 

30/70 RD-730/ 

6 

6.0 

8.0 

Matrimid 

20/80 RD-730/ 

4 

6.9 

9.1 

Matrimid 

10/90 RD-730/ 

2 

7.7 

10.3 

Matrimid 

5/95 RD-730/ 

1 

8.2 

10.8 

Matrimid 

1/99 RD-730/ 

0.2 

8.5 

1 1.3 

Matrimid 

Matrimid 

0 

8.6 

1 1.4 


1. vacuum followed by 690 kPa autoclave pressure once 
heating began, 

2. ramp rate at 2.8°C/min to 125°C, 

3. hold for 4 hat 125°C, 

4. ramp rate at 2.8°C/min to 204°C, 

5. vent vacuum at 204°C, 

6. hold for 4 h at 204°C, and 

7. cool down to room temperature (RT) at 2.8°C/min. 
The fast ramp cure cycle consisted of: 

1. vacuum followed by 690 kPa autoclave pressure once 
heating began, 

2. ramp rate at 2.8°C/min to 204°C, 

3. hold for 4 h at 204°C, and 

4. cool down to RT at 2.8°C/min. 

Blends were made with weight fractions of RD-730 
ranging from 1% to 40% (Table 1). A ratio of 43:57 parts 
by weight of component B to component A was used for the 
Matrimid A/B in all of the blends. 

Thermal analysis and morphology characterization 

Weight loss versus temperature was evaluated on the 
uncured resins and blends using a TA Instruments TGA 
model Q500. Small samples of approximately 25 mg were 
run using a ramp rate of 10°C/min to a final temperature of 
1000°C in an air atmosphere. Thermal transitions of the 
uncured neat resins and blends were determined by TA 
Instruments model Q100 DSC. The measurement was per¬ 
formed by a sample mass of approximately 15 mg. Each 
sample was placed in a sealed aluminum pan and tested 
by a ramp rate at 10°C/min from RT to 400° C in a nitrogen 
atmosphere. The T g of these same materials was deter¬ 
mined using a TA instruments ARES DMA in an air 


atmosphere. The instrument was run using the 25 mm par¬ 
allel plate geometry with a frequency of 1 Hz. The dynamic 
ramp tests consisted of a ramp rate at 5°C/min to 400°C, 
and the sample was cooled down at 5°C/min from 400°C 
to RT, while a measurement was taken every 10s. The T g 
was determined using the midpoint temperature of the 
highest value of tan 5 from the cooling portion of the tan 
5 versus temperature curve. 

For the cured samples, small sections were cut, polished, 
and sputter-coated with carbon. The cross-sections were 
examined with a Quanta 600F SEM to observe the amount 
and distribution of phase separation - when it occurred. 
This was repeated on several cross-sections of each sample 
to identify a representative average amount of phase separa¬ 
tion. Using the same instrument in energy dispersive x-ray 
(EDX) mode, selected areas of the samples were interro¬ 
gated to determine the elemental composition in order to 
determine which constituent (Matrimid A/B or RD-730) 
was in each phase. DMA tests were also performed on the 
cured samples. Torsion mode was used on specimens with 
dimensions of 30 x 11 x 2 mm 3 (L x W x T). The applied 
strain amplitude was 0.3% at a deformation frequency of 
1 Hz. The procedure consisted of: 

1. heat at 5°C/min from RT to 250°C, 

2. hold for 4 h (first post-cure studied), 

3. cool down from 250°C to 40°C at a rate of 5°C/min, 

4. heat from 40°C to 300°C at a rate of 5°C/min, 

5. hold for 4 h (second post-cure studied), 

6. cool down from 300°C to RT at a rate of 5°C/min. 


Results and discussion 

Thermal properties 

To establish a baseline, first, the weight loss of the uncured 
RD-730/Matrimid A/B blends was measured. The results are 
shown in Figure 5(a) as a function of temperature for a TGA 
heating rate of 10°C/min. RD-730 had an initial weight loss 
at approximately 110°C before undergoing a pyrolytic cera¬ 
mic conversion reaction that was essentially completed at 
700°C. The observed 62% char yield for RD-730 is reason¬ 
ably close to the 67% char yield reported in Starfire RD-730 
Product Brochure. 19 Matrimid A/B had a small initial weight 
loss at approximately 200° C, followed by a much larger 
weight loss that began around 400° C, and continued until full 
decomposition of the polymer at 650°C. Thus, the cure ranges 
of the RD-730 and Matrimid were overlapped. This was not 
ideal but was a necessary compromise due to the limited num¬ 
ber of preceramic polymers available with the desired chem¬ 
ical structure and processing properties. The TGA profiles of 
the blends (Figure 5(b)) generally resembled the TGA profile 
of the Matrimid A/B resin but were shifted upward toward the 
RD-730 curve with increasing RD-730 content. The mass 
retained above 800°C increased proportionally with the 
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Figure 5. Weight loss of (a) the uncured pure resins and (b) the uncured blends. 



— Matrimid 

- l/99RD-730/Matrimid 

- 5/95 RD-7 3 O/Matrimid 

40/60 RD-730/Matrimid 


- 10/99 RD-7 3 O/Matrimid 

- 20/80 RD-7 3 O/Matrimid 

- 30/70 RD-7 3 O/Matrimid 

- RD-730 


Figure 6. DSC curves of uncured RD-730, Matrimid A/B, and the 
blends. 

DSC: differential scanning calorimetry. 


RD-730 content in the blend. To be clear, it was not expected 
that the blends would be cured to 800°C or higher when in ser¬ 
vice in a hybrid application. The temperature range for the 
weight loss study was chosen to establish whether the decom¬ 
position temperature of any of the blends was greater than the 
decomposition temperature of the Matrimid. Unfortunately, 
the data in Figure 5(b) imply that degradation occurred as if 
the Matrimid A/B and the RD-730 were present in the same 
ratio throughout the heating process as in the original sam¬ 
ples. This, in turn, is an indicator that a chemical reaction 
between the Matrimid A/B and RD-730 did not occur to any 
significant extent (at least for a heating profile of RT to 
1000°C at a rate of 10°C/min). 



Figure 7. Tan 5 versus temperature for RD-730, Matrimid A/B, 
and the blends from cooling traces. 


DSC traces from RT to 400°C of the uncured samples 
are shown in Figure 6. All the samples had a small peak 
at 150°C indicating the onset of curing,and they also had 
a broad exothermic peak at 250°C presumably indicating 
the cross-linking. Surprisingly, this was even true for the 
pure RD-730 sample. The coincidence of the peaks for the 
pure RD-730 and pure Matrimid A/B samples was unfortu¬ 
nate because this made it unlikely that a shift in the 250°C 
peak would occur with increasing RD-730 even if the two 
constituents reacted. However, no new peak - e.g. a peak 
that might correspond to the reaction that was hoped for 
between the double bond of the imide in Matrimid A/B and 
the reactive groups of the pre-RD-730 - was apparent in the 
blends. This is not conclusive evidence of the absence of a 
chemical reaction between the two species but it is consis¬ 
tent with no reaction. The intention was to tabulate the T g as 
a function of RD-730 concentration from the DSC data in 
Figure 6 (in this case, it would likely have been a constant 
versus RD-730 concentration) in comparison with the T g 
from the data in Figure 7 from the DMA tests on the same 
samples, but the peaks were too broad to determine T g with 
an adequate accuracy. 
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Table 2. T g values of RD-730, Matrimid A/B, and their blends 
from cooling traces. 


Composition 

T g (°C) 

Matrimid A/B 

271 

1/99 RD-730/Matrimid 

n/a 

5/95 RD-730/Matrimid 

252 

10/90 RD-730/Matrimid 

270 

20/80 RD-730/Matrimid 

300 

30/70 RD-730/Matrimid 

306 

40/60 RD-730/Matrimid 

n/a 

RD-730 

264 


The T g s of the uncured pure resins and blends were 
determined by DMA. The tan 5 versus temperature curves 
are shown in Figure 7 and the T g for each composition is 
tabulated in Table 2. At low RD-730 weight fractions, the 
T g of the blends remained at 270°C or below. However, a 
significant increase in T g to 300°C was observed at 20 wt% 
and 30 wt% of RD-730 (the T g of the 40 wt% RD-730 blend 
could not be determined). The T g of a polymer in immisci¬ 
ble blends would not be expected to change with concentra¬ 
tion ratio as long as the lower T g material is the matrix of 
the blend, whereas in miscible blends, the T g commonly 
takes on a value intermediate to the T g of the components. 
Therefore, the increase in T g with increasing RD-730 con¬ 
tent was somewhat surprising since the blends were thought 
to be immiscible based on the DSC and TGA results. 
Another circumstance that can cause a shift in the T g of the 
components in a blend is a difference in thermal expansion 
coefficients between the phases of the blend. This may be a 
mechanism contributing to the increase in T g . Finally, the 
presence of two distinct peaks in the 1% RD-730 data was 
a significant anomaly. The Matrimid curve has a slight 
shoulder, the 1 % curve has a distinct second peak, and the 
5% curve has no trace of a shoulder. A cause for this was 
not apparent, but it is consistent with the other results. The 
DSC data in Figure 6 contains a similar trend. The peak at 
250°C is well defined in the Matrimid plot, and the same 
peak broadens significantly in the 1% plot and returns to 
a defined peak in the 5% plot. 

Morphology 

As mentioned above, for the cured samples, two cure cycles 
were investigated - a long dwell cure cycle and a fast ramp 
cure cycle. The morphology of the blends after curing was 
examined by a SEM. 

Long dwell cure cycle 

Figure 8 shows the representative cross-sectional morphol¬ 
ogies of the blends at each composition after curing with 
the long dwell cure cycle. The images are oriented, so that 
the bottom of the image corresponds to where the sample 


was in contact with the bottom of the mold. A two-phase 
morphology was observed. The light phase in the image 
represents RD-730 and the dark phase is the Matrimid A/ 
B matrix based on the small amount of light phase in the 
1% RD-730 sample and the increasing amount of light 
phase present as the RD-730 content was increased. At 
low-weight fractions of RD-730 (1% and 5%), the RD- 
730 was dispersed as fine spheres in the Matrimid A/B 
matrix. As the weight fraction of RD-730 increased, the 
number of dispersed RD-730 droplets (both spheres and 
more complex irregular shapes) increased and the RD- 
730 droplets coalesced to produce much larger domains. 
A gradient phase morphology was apparent in the 10/90 
and 20/80 RD-730/Matrimid A/B blends and to a smaller 
extent in the 30/70 blend. The size of the RD-730 droplets 
can be seen to increase gradually when viewing locations 
that vary from the bottom to the top surface. The overall 
concentration of the RD-730 changed in a similar manner. 
The observed graded morphology may have implications 
for the potential of making graded regions in hybrids mate¬ 
rials. In this case, the grading is produced as a result of 
gravity. Therefore, in complex-shaped parts or parts that 
include a dense fabric of reinforcing fibers, a different 
approach to grading would be necessary. 

Elemental mappings using SEM in EDX mode are 
shown in Figure 9. A representative spherical shaped RD- 
730 inclusion is shown at much higher magnification (the 
inclusion is approximately 20 pm in diameter). It is clear 
that the RD-730 inclusion contained hundreds of smaller 
spheres. Since the smaller spheres contained carbon but did 
not contain silicon or oxygen, it is believed that they were 
Matrimid A/B, that is, each larger RD-730 inclusion was 
actually a phase-separated region of both RD-730 and 
Matrimid A/B that was phase-inverted. Similarly, in the 
region surrounding the large spherical RD-730 inclusion, 
there was no silicon - which corroborates the previous 
results that indicated that the RD-730 did not react with the 
Matrimid as had been hoped. 

Fast ramp cure cycle 

The fast ramp cure cycle samples were also imaged to 
determine the influence of cure profile variations on the 
morphology of the blends. It was expected that the size 
of RD-730 inclusions would be smaller after the fast ramp 
cycle due to the elimination of the isothermal hold at 125° C 
for 4 h. It was thought that at a faster rate of curing, the dis¬ 
persed RD-730 domains would have less time to coalesce 
when the blend was at a low viscosity. Figure 10 shows the 
representative low-magnification images of the morpholo¬ 
gies of the blends at various compositions. Phase separation 
was observed similar to the phase separation seen in the 
long dwell samples and a gradient phase morphology was 
observed in the 10/90 and 20/80 samples. It is apparent, 
from a comparison of Figures 8 and 10, that the cure cycles 
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Figure 8. Low magnification SEM images of the blends after curing with the long dwell cure cycle: (a) 1/99, (b) 5/95, (c) 10/90, (d) 20/80, 
(e) 30/70, and (f) (40/60). 

SEM: scanning electron microscopy. 



Figure 9. An SEM image (top left) and elemental maps for Si (blue), C (red), and O (green) of a representative RD-730 domain. 
SEM: scanning electron microscopy. 
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(d) (e) (f) 


Figure 10. Low magnification SEM images of the blends after curing with the fast ramp cure cycle: (a) I /99, (b) 5/95, (c) 10/90, (d) 20/80, 
(e) 30/70, and (f) 40/60. 

SEM: scanning electron microscopy. 


used in this study had only a minor impact on the morphol¬ 
ogy of the blends. This is further corroborated by the SEM 
images shown in Table 3 of the cured blends at a higher 
magnification (full image is roughly 0.3 mm across vs. 
3 mm across for the images shown in Figures 8 and 10). 
Strong similarities between the morphologies were appar¬ 
ent except for the 30/70 composition that had noticeably 
more clustering of the RD-730 domains in case of the fast 
ramp-cured specimen. 

Glass transition temperature 

The choice of processing parameters for the T g study took 
careful consideration. For the group of the cured samples 
used for the morphology study, the cure cycles chosen were 
sufficient to lock in the morphology. Furthermore, post¬ 
curing would not have altered the results; so they were not 
post-cured. However, for mechanical properties and T g , a 
post-cure can make a very significant difference. In choos¬ 
ing a combination of cure cycle and post-cure for the sam¬ 
ples to be used in DMA testing, the ultimate use of these 
blends was kept in mind, which was imagined to be the 
matrix of a fiber-reinforced transition layer between a PMC 
and a CMC. A PMC with a matrix such as Matrimid A/B 
would typically be cured in an autoclave with a cycle that 


would be a compromise of the fast ramp cure cycle and the 
long dwell cure cycle. Then the cure would be followed by 
a post-cure in an oven to a temperature in the neighborhood 
of the expected service temperature of the composite part. 
The post-cure would normally drive up the T g and improve 
thermal stability at the higher service-temperature. Beyond 
a post-cure at 250°C-300°C, there is little more that could 
be done to the Matrimid A/B to complete its cure or 
increase its use-temperature without charring or degrading 
it to some extent. Since the blends had already been shown 
to be phase separated, the Matrimid A/B cure temperature 
limit of 300°C was most likely also the cure temperature 
limit for the blends. Therefore, the DMA study on the cured 
samples was conducted on the blend samples cured (either 
with the fast ramp or long dwell cycle) and then post-cured 
at either 250°C or 300°C. 

Plots of tan 5 as a function of temperature from DMA 
cooling traces for the blends are shown in Figure 11 for the 
samples subjected to the long dwell cure cycle. Figure 
11(a) shows results for samples post-cured for 4 h at 
250°C and Figure 11(b) shows results for samples post- 
cured for 4 h at 250°C followed by 4 h at 300°C. For the 
250°C post-cure sample, the tan 5 curve of RD-730 had 
a very broad peak with a maximum at 180°C while the 
maximum for Matrimid A/B was located at 250°C. The 
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Table 3. Comparison of the morphology of the RD-730/Matrimid blends after long dwell and fast ramp curing. 


RD-730/Matrimid weight ratio 
1/99 


5/95 


10/90 


20/80 


Long dwell cure cycle 


100 pm 





Fast ramp cure cycle 






(continued) 
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Table 3. (continued) 


RD-730/Matrimid weight ratio Long dwell cure cycle 


Fast ramp cure cycle 


30/70 


40/60 






-Matrimid 

-1/99 RD-73 O/Matrimid 
-5/95 RD-73 O/Matrimid 


heating rate=5 °C/min 



100 150 200 

Temperature (°C) 

(a) 


0.140 

0.120 

0.100 

0.080 
so 

J 0.060 

0.040 

0.020 

0.000 

0 50 100 150 200 250 300 350 

Temperature (° C) 

(b) 


heating rate=5 °C/min 


- 1/99 RD-730/Matrimid 
5/95 RD-73 O/Matrimid 
-10/90 RD-730/Matrimid 

- 20/80 RD-730/Matrimid 

- 30/70 RD-730/Matrimid 
40/60 RD-730/Matrimid 

-RD-730 



Figure I I. Tan <5 versus temperature of the pure resins and blends after the long dwell cure followed by: (a) a post-cure for 4 h at 
250°C or (b) a post-cure for 4 h at 250°C plus 4 h at 300°C. 


behavior of the blends was found to depend on the compo¬ 
sition ratio. At low-weight fractions of RD-730 (1-10%), 
the location of the peak was very close to the 250°C of the 
Matrimid A/B matrix, whereas at higher weight fractions of 
RD-730, the peak was much nearer to the 180°C peak of the 
RD-730. Only one maximum was observed in this tempera¬ 
ture range (with the possible exception of the 20/80 sam¬ 
ple), even though two phases were present in the blends. 
An additional post-cure at 300°C for 4 h, resulted in 


advancing the T g for all the samples (Figure 11(b)). 
Trends were similar to the 250°C post-cured samples. 
High weight fractions of RD-730 (30-40%) had peaks 
near the 205°C peak, and as the weight fraction reduced, 
the location of the peak moved closer to the 300°C peak 
of the Matrimid A/B. Figure 12 shows nearly identical 
results for the fast ramp samples compared with the results 
for the long dwell samples shown in Figure 11. Modifying 
the base cure cycle had no significant effect on the 
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— Matrimid 

— 1/99 RD-730/Matrimid 
— 5/95 RD-730/Matrimid 


heating rate = 5 °C/min 



Temperature (° C) 

(a) 


300 


0.140 

0.120 

0.100 

0.080 

: 

l 0.060 

0.040 

0.020 

0.000 

- 0.020 


heating rate = 5 6 C/min 



Temperature (°C) 

(b) 


Figure 12. Tan 5 versus temperature of the pure resins and blends after the fast ramp cure followed by: (a) a post-cure for 4 h at 250° C 
or (b) a post-cure for 4 h at 250°C plus 4 h at 300°C. 


Table 4. T g values of the pure resins and the blends as a function of post-cure conditions. 


Sample composition 

T g (°C) fast ramp cure 

T g (°C) long dwell cure 

PC: 4 h at 

250°C 

PC: 4 h at 250° C 

4 h at 300°C 

PC: 4 h at 

250°C 

PC: 4 h at 250°C 
4 h at 300°C 

Matrimid 

250 

300 

250 

300 

1/99 RD-730/Matrimid 

250 

300 

250 

300 

5/95 RD-730/Matrimid 

250 

282 

247 

288 

10/90 RD-730/Matrimid 

248 

283 

246 

264 

20/80 RD-730/Matrimid 

243 

295 

246 

295 

30/70 RD-730/Matrimid 

177 

295 

172 

298 

40/60 RD-730/Matrimid 

170 

190 

172 

190 

RD-730 

181 

210 

180 

208 


PC: post-cured. 


behavior of the pure components and the blends, which is 
consistent with the morphological observations. T g values 
derived from the data in Figures 11 and 12 are listed in 
Table 4. 

A clear drawback to blending these two resins (other 
than the fact that they did not chemically react to form a 
new material) is that for the cure cycle/post-cure combina¬ 
tions that were appropriate for the Matrimid A/B, the RD- 
730 responded with a significantly lower T g than the Matri¬ 
mid A/B. Consequently, not only is the blend not better 
than the Matrimid A/B by itself but also it is actually a 
poorer material in terms of temperature performance. It is 
still possible that the CTE and/or stiffness of one or more 
of the blends could be intermediate to the CTE and/or stiff¬ 
ness of the RD-730 and Matrimid A/B, but this would be 
achieved at a cost of at least 90°C in reduced temperature 
capability. On the other hand, the data in Figure 7 and 
Table 2 hint at a resolution. As can be seen in Figure 7, a 
relatively short excursion to 400°C significantly drove up 
the T g of the RD-730 to 264° C, which is much closer to the 
maximum achievable T g of the Matrimid with a long 300°C 
post-cure sample. While the Matrimid A/B could not be 


used long-term at 400°C without major degradation, it may 
be possible to add a relatively short period at 400°C to the 
cure cycle as was done for the uncured blend samples. The 
data suggest that this could produce a hybrid material with 
the service temperature of the Matrimid. This also high¬ 
lights a further point which is that a higher temperature 
polyimide such as AFR-PE-4 may be a better choice than 
Matrimid A/B for future work in this area. 24 Cost and pro¬ 
cessing complexity would be added when working with 
AFR-PE-4, but the RD-730 was quite responsive to time 
spent at 400°C to increase its T g so it may be worthwhile 
to make the switch. 

Conclusions 

Blends of the RD-730 and Matrimid A/B with various com¬ 
positions were successfully fabricated by hot-melt mixing 
followed by casting and curing. The effects of composition 
and cure cycle variations on the morphology and thermal 
properties of the blends were investigated using SEM, 
DSC, TGA, and DMA. Several conclusions were made 
based on the test results. 
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• Blends of the RD-730 with Matrimid A/B were found 
to have a two-phase morphology in which RD-730 was 
primarily dispersed as particles within a Matrimid A/B 
matrix. 

• As the weight fraction of RD-730 was increased from 
1% to 40%, the dispersed RD-730 inclusions increased 
from an average size of 3 pm to more than 40 pm and 
each of the larger RD-730 inclusions in the blends 
enclosed a distribution of much smaller Matrimid 
A/B spheres approximately 1 pm in diameter. 

• A gradient phase morphology was consistently fabri¬ 
cated at intermediate RD-730 weight fractions 
(10-30 wt%). This spatially varying morphology may 
be useful for a transition layer in a hybrid structure in 
which a ceramic layer needs to be connected to a poly¬ 
mer or a PMC layer. However, it should be noted in the 
context of PMC/CMC hybrids that the potential for pro¬ 
ducing these gradients in the presence of a dense field 
of reinforcing fibers could be difficult to achieve. 

• Changing the cure cycle to reduce the period of time in 
which the RD-730 had peak mobility had very small 
impact on the morphology and T g of the blends. 

• Finally, the DMA testing results indicated that it may 
be possible to drive the T g of the RD-730 component 
in the blend up to near the maximum achievable T g of 
the Matrimid A/B with a short hold at 400°C, but the 
hold must be kept brief enough to prevent the degrada¬ 
tion of the Matrimid A/B. Alternatively, a switch to a 
higher temperature polyimide appeared promising. 

In summary, a wide range of experiments showed that 
altering the processing cycle did not lead to a significantly 
increased miscibility. This is unfortunate, since an 
increased miscibility would likely have been a good indica¬ 
tion that the RD-730 and Matrimid A/B were chemically 
reacting or mixing sufficiently to potentially result in a new 
material with a stiffness, temperature capability, and CTE 
in the property space between that of RD-730 and Matrimid 
A/B. As a result, this article serves as a motivation to move 
to more radical approaches in the fabrication of a B Ml/pre - 
ceramic polymer hybrid. In the follow-on article to this 
work, 25 the success achieved in using chemical compatib- 
lizers added as a third constituent to take advantage of the 
differences in polarization of the two base constituents in 
order to make the two resins more miscible is explored in 
detail. The current article also constitutes a documentation 
of the baseline for the materials used in the follow-on arti¬ 
cle’s compatibilizer study. 
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